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Abstract
Different waste streams from electro discharge machining (EDM) were investigated for an upcycled usage in processes for 
additive manufacturing (AM). These erosion sludges accumulate in filter cartridges and at the bottom of machining basins. 
The enclosed particles were extracted, sieved and investigated via laser diffraction, dynamic image analysis, scanning elec-
tron microscopy, optical emission spectroscopy, elemental analysis and flowability measurements. Additionally, thermal, 
crystallographic and metallographic investigations as well as X-ray micro-computed tomography (µ-CT) were utilized for 
the characterization of particle and material properties. In general, eroded powders fulfill the requirements for AM regard-
ing particle size and shape very well, which is confirmed in morphological investigations and powder flow characteristics 
showing similar properties as the H11 AM reference material. The chemical composition of the powders is equal to the 
machined H11 alloy, except for the high carbon content. Carbon is entrapped in the iron lattice originating from pyrolysis of 
the present dielectric fluid and the graphite electrode during rapid solidification, which leads to a transition from martensite 
to cementite structures. This change is observed in the microstructure of powders, in which acicular primary cementite and 
austenite are present. After remelting with slow heating and cooling rates the microstructure changed to ledeburite II with 
retained austenite and martensitic phases. The pore size and shape distributions obtained by µ-CT measurements showed 
a pore formation in the compact sample. These results provide a fundament of major properties as well as handling and 
recycling suggestions for eroded particles enclosed in waste sludges.

Keywords  Electro discharge machining · Particle characterization · Particle properties · Microstructure · Additive 
manufacturing · Recycling

1  Introduction

The commonly used electro discharge machining (EDM) is 
a technique to postprocess metallic and/or electrically con-
ductive components for achieving desired shapes or textures 
with a defined material removal [1, 2]. EDM techniques 

are based on an erosive character of electrical discharges 
between two electrodes in a dielectric fluid. Thereby, a con-
version from electrical into thermal energy leads to the mate-
rial removal. Nowadays, the two predominant techniques are 
die-sink EDM and wire EDM [1, 3], which are important 
for sectors within the mold and construction industry for 
implementing features with high aspect ratios or bigger 
cavities and slots. Mostly, different types of die or hot work 
steels, which have in general a martensitic microstructure, 
are processed with both techniques. The main differences 
are the used dielectrics on the one hand, and the tool elec-
trode material as well as geometry on the other hand. In wire 
EDM a brass or copper wire is used as an electrode, whereas 
in die-sink EDM mostly graphite electrodes are common. 
These processes are performed in deionized water (wire) 
and synthetic hydrocarbon oil (die-sink), respectively [4, 5]. 
In this study, the focus lies on die-sink EDM and its waste 
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streams operating with a graphite tool electrode and a mar-
tensitic hot work steel as the workpiece electrode, which is 
quite often H11 alloy.

In contrast, the sector of additive manufacturing (AM) 
gains more attention and a greater influence in several 
industries due to some major advantages [6, 7]. However, 
AM powders are expensive due to their tight specifications 
regarding particle size distribution (PSD), circular/spherical 
shapes, chemical composition, allowable number of defects 
as well as flowability and bulk mechanics [8–10]. Particle 
sizes in the range from 15 to 60 µm with a median particle 
size x50,3 of around 30 µm are used in selective laser melting 
(SLM) [9, 11] and sizes from 60 to 100 µm, max. 125 µm, 
with a x50,3 of 70 to 80 µm for the electron beam melting 
(EBM) [12, 13] process. Apart from that, the process of 
Binder Jetting (BJT) [14, 15] and direct energy deposition 
(DED) [16, 17] should also be taken into account, where 
various metal-based powders of different and/or bimodal 
PSD are used. Moreover, a low number of defects, good 
flowability characteristics as well as high circularities and 
sphericities of the powders are required for the formation 
of a homogenous powder layer to achieve good qualities of 
printed parts [18, 19]. A checking on crystallographic infor-
mation of appearing structures, lattices and phase fractions 
is another quality assurance tool for characterizing gener-
ated powders. Metallographic investigations of metallic sam-
ples, compact parts or powders, respectively, are important 
regarding their microstructure since this is influencing the 
manufacturing process itself and the final parts properties.

The main reason for the high costs of AM powders is 
the production. Nowadays, there is only the opportunity 
to manufacture powders via the cost and energy intensive 
process of powder atomization of metal melts [20, 21]. 
In Germany the costs for raw materials in AM industry 
amount to approx. 50% of the total manufacturing costs, 
according to the Federal Statistical Office [22]. Therefore, 
it is indispensable to focus on alternative ways of sup-
plying metal powders. Current works related to this topic 
are mostly different recycling strategies for used powders 
to increase the resource efficiency. Most commonly, used 
powders with an undefined number of processed cycles in 
the AM chamber get manufactured again with or without 
creating mixtures in different ratios with virgin powder. 
For SLM it is reported, that a powder reuse comes along 
with changes in physical (particle fusion and agglomer-
ates) and chemical (contaminations) properties caused by 
heat conduction and spatters in the powder bed degrading 
the powder layer [23]. Lu et al. compared virgin and recy-
cled 316L powder in SLM over several cycles and found 
an increase of coarser particles (particle spatter, fusion) 
with higher circularities and hardness in general [24]. 
Moreover, the microstructure remains unaffected, whereas 
a slight change in the crystal structure and a significant 

increase of the oxygen content was observable. Rayan 
et al. investigated a maraging steel powder in SLM over 
several cycles leading to coarser particles and a degra-
dation of the particle shape, but no changes in the bulk 
density [25]. Besides that, tensile properties and fatigue 
behavior of printed parts are slightly affected with simul-
taneously more internal defects due to lack of fusion, gas 
entrapments and carbon inclusions.

Looking on powder recycling conducted for EBM 
devices, Popov et al. reported for recycled Ti-6Al-4V pow-
ders a formation of various defects leading to deteriorations 
of mechanical properties and the fatigue behavior, but unaf-
fecting the developed microstructure [26]. In contrast to 
that, Tang et al. found for the same material after a reuse 
of 21 cycles in EBM a better flowability of the powders as 
well as no significant influences on mechanical properties in 
manufactured components [27]. For H11 powder no detailed 
studies of powder recycling could be found. Another study 
by Richter et al. investigated the mechanical recycling of 
Ti-6Al-4V parts for providing secondary powders. There-
fore, molten and sintered support structures were com-
minuted in a hammer mill and mixtures of these obtained 
powders with virgin powder were processed via EBM [28]. 
This stays in contrast to the recycling of unmolten pow-
ders mentioned above. In general, some powder mixtures 
can meet the mechanical properties and fatigue behavior of 
reference specimen only affected by an iron contamination 
of the milling tools due to mechanical alloying.

Another approach to achieve the matter of reducing 
raw material costs and energy consumption is the second-
ary usage of waste streams from EDM. Thereby, a certain 
amount of erosion sludge accumulates and is collected in 
filter cartridges or can be found at the bottom of the work-
ing basin. Considering the enclosed particle sizes as well 
as shapes, it could be stated, that some requirements can be 
fulfilled quite easily [29, 30]. Besides that, the EDM mecha-
nism can be a useful tool for a customized synthesis of pow-
der particles [31]. Thus, any aspects of a recycling of these 
EDM wastes are not under investigation. Currently, gener-
ated waste sludges and filter cartridges are collected and get-
ting directly disposed for metallurgical processes or smelt-
ing. In this paper, a holistic characterization of enclosed 
eroded particle systems from sludge in filter cartridges and 
sludge from the basin bottom is performed to give detailed 
information about eroded particles and their applicability in 
AM-processes. Characterizations of the particle size, par-
ticle morphologies, chemical composition and bulk pow-
der properties for different size classes as well as structural 
information about occurring crystal lattices and possible 
transitions are discussed. Analyses of the particle micro-
structure as well as the developed microstructure and inner 
structure after remelting is presented to derive information 
for further application fields. All results are presented to 
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highlight an opportunity of recycled eroded particles as a 
secondary raw material for applicable processes in AM.

2 � Materials and Experimental Setup

2.1 � Waste Streams and Reference Material

Investigated EDM waste streams have to be distinguished 
into two different types, which are sludges from the bot-
tom of the machining basin and sludges enclosed in filter 
cartridges. As a tool electrode 99.9% graphite was used 
combined with a commercially hydrocarbon-based, syn-
thetic dielectric. The machining parameters are unknown. 
The samples are named as ES1 (ES = erosion sludge; 
from basin, Fig. 1a–c), ES2 from filter cartridge type A 
(Fig. 1d–f) and ES3 from filter cartridge type B (Fig. 1g–i). 
Cartridges have cylindrical geometries with diameters and 
heights of 50 cm × 30 cm and 35 cm × 15 cm, respectively, 
with weights of 6 kg to 27 kg. Yields of processable sludges 
differ strongly from 1.5 to 5.5 kg for ES2/ES3 compared to 
around 50 kg ES1 sludge.

A frequently used steel alloy in EDM as well as in AM is 
the martensitic hot work steel H11 (1.2343/X37CrMoV5-1) 
and is characterized by a high tensile and yield strength, duc-
tility, wear resistance, thermal shock resistance and thermal 
conductivity according to data sheets. This alloy features a 
high density and a very high relative density of AM parts 
(< 99.9%) [32] with a carbon content between 0.33 and 
0.43 wt% located in the hypoeutectoid range. This commer-
cially available and gas atomized (Ar) powder was chosen 
as the reference material (GKN Powder Metallurgy, GKN 
Hoeganaes Corporation Europe, Buzau, Romania) because 

components made out of this alloy got machined via die-
sink-EDM in the supplying companies.

2.2 � Particle Extraction

In general, sludge consists of three components, which are 
the oily phase, particles from the tool electrode—graph-
ite—and particles from the workpiece electrode—metal-
lic particles. To extract the particles from the sludges, the 
oil phase has to be dissolved. Therefore, acetone (≥ 99.5%, 
Carl Roth GmbH and Co. KG, Karlsruhe, Germany) is used 
as an organic solvent. The suspension gets filtered, centri-
fuged and decantated due to the sedimentation behavior of 
dense metallic particles resulting in two fractions (lighter 
ones—graphite; heavier ones—metals). A vacuum pump, 
a self-constructed filter pressure groove and a centrifuge 
(Megafuge ST1R plus with a rotor F15-6X100 FIBERLITE 
carbon fiber, Thermo Fisher Scientific Inc., Waltham, MA, 
USA) were used for particle extraction. Afterwards, parti-
cles are dried in an oven overnight at 80 °C. The de-oiled 
particles were sieved (20 µm; 63 µm; 125 µm) with a sieving 
device (AS 200 Control g, Retsch GmbH, Haan, Germany) 
for 10 min.

2.3 � Characterization of Particle Systems

2.3.1 � Particle Size, Shape and Morphology

The raw sludges were suspended in isopropanol (≥ 99.5%, 
Carl Roth GmbH and Co. KG, Karlsruhe, Germany) with 
ultrasonic treatment (3  min, 50% amplitude) and were 
measured in cuvette R3 via laser diffraction (HELOS, Sym-
patec GmbH, Clausthal-Zellerfeld, Germany). Following 

Fig. 1   Received EDM waste streams: sludge from the basin ES1 (a–c); filter cartridge A before and after dismantling (d, e) with obtained sludge 
ES2 (f) and filter cartridge B before and after dismantling (g, h) with obtained sludge ES3 (i)
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characterizations were performed on dry particles after 
extraction. Measurements in laser diffraction (R3) in iso-
propanol and dynamic image analysis in deionized water 
(HELOS and QICPIC LIXELL, both Sympatec GmbH, 
Clausthal-Zellerfeld, Germany) were carried out to quan-
tify particle size and shape factors. Images of the particle 
morphologies were taken via a desktop SEM (with 10 kV; 
Phenom, FEI/Thermo Fisher Scientific Inc., Waltham, MA, 
USA) with BSE imaging.

2.3.2 � Chemical Composition

A standard solution for optical emission spectroscopy with 
inductively coupled plasma (ICP OES; iCAP 6300, Thermo 
Fisher Scientific Inc., Waltham, MA, USA) was calibrated 
with the alloy elements Cr, Cu, Fe, Mn, Mo, Ni, P, Si, V 
(solutions obtained from Carl Roth GmbH and Co. KG, 
Karlsruhe, Germany). Before measuring, samples were dis-
solved and boiled in aqua regia. Carbon and sulfur contents 
were measured using a G4 Icarus C-S-Analyzer (Bruker 
AXS GmbH, Karlsruhe, Germany). Thereby, the sample 
was combusted in an oxygen stream and measured with two 
infrared detectors after calibration with certified steel refer-
ence material (AR 304). Oxygen contents were measured 
in G8 Galileo O-Analyzer (Bruker AXS GmbH, Karlsruhe, 
Germany) by degassing the samples during melting in a 
graphite crucible and detecting via infrared detectors, after 
equal calibration.

2.3.3 � X‑ray Diffraction

X-ray diffraction (XRD) of the samples H11 and ES1 
20–63 µm was used to determine phase fractions includ-
ing the role of carbon. The coarser fraction ES1 63–125 µm 
should not differ significantly from its smaller size frac-
tion. The measurements were carried out on a D8 Advance 
diffractometer (Bruker Corporation, Billerica, MA, USA) 
using Cu-Kα radiation. The powders were prepared on plas-
tic sample holders of 25 mm diameter and irradiated with a 
variable slit set to a constant illuminated length of 20 mm. 
The diffracted intensities were collected with a Bruker Lynx-
Eye XE-T silicon strip detector in high-resolution mode to 
suppress all wavelengths except Cu-Kα1/2. Radial and axial 
soller collimators were used to improve the signal-to-noise 
ratio and the peak shape, respectively. The diffraction pat-
terns were evaluated by Rietveld analysis using the program 
Bruker Topas version 6. Measurements were carried out in 
air under ambient pressure at room temperature.

2.3.4 � Bulk Powder Properties

For properties of the bulk powders, density measurements 
of the fractions and reference powder were carried out in a 

gas pycnometer (AccuPycII; micromeritics GmbH, Unter-
schleissheim, Germany). Moreover, bulk as well as tap 
densities were obtained via measurements in a bulk fun-
nel (SMG 697, Powtec Maschinen und Engineering GmbH, 
Remscheid, Germany) with a 500 mL vessel and a tamping 
volumeter (JEL StavII, J. Engelsmann AG, Ludwigshafen, 
Germany) in a cylinder with a volume of 100 mL. With the 
ratio of both values the Hausner number was calculated, 
which is an indicator of the flow behavior. Apart from that, 
flow times of the three powders in a Hall flowmeter out of a 
Hall and Carney funnel (NanoTech Industrie Produkte, Ber-
lin Germany) were determined.

2.3.5 � Microstructure of Particles

Metallographic investigations were performed in a 
light microscope Axio Observer Z1m (Carl Zeiss AG, 
Oberkochen, Germany) on both sieved powder fractions to 
obtain information about the particle microstructure after 
solidifying in the dielectric. Particles were embedded in 
Polyfast (bakelite with carbon filler; Struers LLC, Cleveland, 
OH, USA), ground with SiC-paper and polished with dia-
mond suspension (3 µm) and colloidal SiO2 (0.04 µm; both 
Struers LLC). Finally, the samples were etched in Nital (2% 
HNO3) or Pikral (4% C6H3N3O7; both Struers LLC). Addi-
tionally, the microstructure was examined using a Ultra55 
field emission electron microscope (FESEM; Carl Zeiss 
AG, Oberkochen, Germany). Electron backscatter diffrac-
tion (EBSD) measurements were conducted using an OIM 
XM4 system (AMETEK GmbH, Unterschleissheim, Ger-
many) and evaluated with OIM AnalysisTM V8 software 
from AMETEK. An accelerating voltage of 20 keV and a 
step size of 0.08 µm were used for the EBSD investigation. 
The sample was prepared similarly, but got end polished 
on a vibratory polisher (VibroMet2; Buehler Group, Uzwil, 
Switzerland) for 24 h and remained unetched.

2.3.6 � Preparation of Solid Sample and Developed 
Microstructure

Thermogravimetric analysis (TGA; STA 443 F3 Jupiter, 
Netzsch GmbH and Co. KG, Selb, Germay) was conducted 
on powder sample ES1 < 125 µm to get a compact solid 
sample for metallographic investigation. The powder was 
melted in N2 atmosphere up to 1500 °C with a heating rate 
of 10 K min−1 followed by uncontrolled oven cooling. The 
TGA measuring cell was connected to a vapor phase Fourier-
transform infrared spectrometer (FTIR; Tensor 27, Bruker 
Corporation, Billerica, Massachusetts, USA) to analyze the 
evaporating gases and check for hydrocarbon oil residues. 
The compact sample was embedded in Durofast (epoxy with 
mineral filler; Struers LLC), ground with SiC-paper, pol-
ished with diamond suspension (3 µm) and colloidal SiO2 
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(0.04 µm; both Struers LLC) and finally etched in Nital for 
investigations via a light microscope Axio Observer Z1m 
(Zeiss).

2.3.7 � µ‑CT Measurements

Before embedding the TGA tablet, investigations in a µ-CT 
device (Xradia 510 Versa, Carl Zeiss AG, Oberkochen, Ger-
many) were conducted to reveal the inner structure and cor-
related to the metallographic analyses for the examination 
of the internal porosity or occurring voids after resolidify-
ing. The sample was fixed with UV-hardening epoxy resin 
on a wooden stick. One overview and one high-resolution 
scan (in the inner region) were carried out, respectively. An 
overview scan of the whole sample was performed to see 
the pore distribution in the whole sample and to identify a 
region of interest (ROI) for the high-resolution scan. The 

scan settings used for both µ-CT measurements are listed 
in Table 1.

The reconstruction (Fig. 2) of both µ-CT scans was per-
formed in the Zeiss reconstruction software and for the 
image processing, segmentation and analysis ORS Dragon-
fly (Object Research Systems, Montréal, Québec, Canada) 
software was used. Further image processing and pore analy-
sis were conducted on the high-resolution scan. The denois-
ing of the images was carried out with the Gaussian filter 
[33], by setting the kernel size to 5, Standard distribution to 
0.7 and by keeping the unit size to 16 of the input data. The 
segmentation of the pores was performed for the quantifica-
tion of the pore size and shape. Due to the variation in the 
pore sizes and their greyscale values the segmentation was 
performed by using the U-net segmentation model [34]. To 
train the segmentation model few slices were added by hand-
labeling the pores and the remaining sample area.

3 � Results and Discussion

3.1 � Particle Size and Shape

The composition of the individual sludges regarding the oil 
and solid content differs strongly. For ES1 around 85 wt% 
represent solid particles and 15 wt% the dielectric fluid, 
whereas in filter cartridges the oil phase reaches values of 
approx. 65 wt% to 80 wt%, which could be calculated from 
filtration and centrifugation experiments as well as TGA 
measurements. Figure 3a illustrates the PSD of all three 
raw sludges. It is conspicuous, that both sludges out of the 
filter cartridges (ES2 and ES3) have a very high fine frac-
tion. Their x50,3 values are very low with 1.5 µm and 1.6 µm, 

Table 1   Scan settings of the µ-CT measurements for the overview 
and high-resolution scan of sample ES1 < 125 µm

Parameter Overview scan High-resolution scan

Acceleration voltage 
(keV)

160 140

Power (W) 10 8
Optical magnification 0.4 4
Exposure time (s) 1 15
Voxel size (µm) 5.78 1.34
Number of projections 1601 1601
Binning 2 2
Source filter Zeiss standard HE3 Zeiss standard HE3

Fig. 2   µ-CT slices of TGA–DSC sample ES1 < 125 µm of high-res-
olution scan after manual reconstruction and segmentation;  (a)  raw 
image;  (b)  processed image with Gaussian filter for noise reduc-

tion;  (c)  labeled image distinguishing between matrix (green) and 
pores (purple) after deep learning algorithm
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respectively. When considering the minimal particle sizes 
for AM-processes, the yield of suitable particles larger than 
10 µm is low with 15 wt%. Furthermore, the content of less 
dense graphite is very high and metallic particles amount 
just to approx. 10 wt%. High amounts of bigger (metallic) 
particles are not located in the cartridges due to the built-in 
fine fabrics, therefore, sludges from filter cartridges can-
not be considered and processed sustainable. In contrast to 
that, the PSD of basin sludge is significantly different and 
shifted to coarser particle sizes covering at least three dif-
ferent ranges for possible AM techniques. Bigger, and thus 
heavier high dense metallic particles settle relatively fast 
to the basin bottom after congealing in the dielectric fluid, 
where they cannot reach the step of filtration and get col-
lected afterwards.

Figure 3b shows the PSD of the sieved fractions and H11 
including circularity values from dynamic image analysis. 
Sieving into these fractions was chosen due to the usage of 
different size classes depending on the AM-process. In per-
spective, fractions 20–63 µm for SLM and 63–125 µm for 
EBM, respectively, should be tested. Both fractions will be 
investigated for BJT and DED, as well, or with alternatively 
sieved fractions. Comparing the SLM-suited fraction with 
the SLM powder, no significant differences are observed, 
except a slight shift to bigger particle sizes, which can be 
seen in the x50,3 value of 30.1 µm (H11) and 39.5 µm (ES1 
20–63 µm), respectively. Both powders show a narrow and 
normally distributed PSD with constantly high circularity 
values of 0.92 (H11) and 0.91 (ES1 20–63 µm). For H11 
powder a slight decrease in the circularity values at bigger 
particle sizes is observable, which can result from particle 
fusion processes during powder atomization. A similar trend 
can be seen for the EBM-suited fraction as well, which has 
a lower circularity of 0.89, probably due to more particle 

fusion occurrence, and a x50,3 of 79.3 µm. High circularity 
values were expected and are the consequence of the high 
temperature gradients and rapid solidification leading to cir-
cular shaped particles due to energetically best, low surface 
tension forces [35, 36]. Overall, eroded particles fully fulfill 
the requirements regarding particle size and shape.

3.2 � Dynamic Image Analysis

Figure 4 shows 2D kernel density estimation plots  [37] 
(KDE; created in OriginPro Software) for the relevant parti-
cle properties of H11 reference (a) as well as eroded powders 
ES1 20–63 µm (b) and 63–125 µm (c) regarding the EQPC 
(diameter of area equivalent circle) and circularity. In gen-
eral, it is a non-parametric procedure for probability density 
functions (PDF) with the goal to derive the PDF everywhere 
including domains, where no data points are existing. There-
fore, finite samples of data are accessed, which means uti-
lizing two independent particle properties to achieve a 2D 
kernel density map. For each KDE, up to 500,000 particles 
were evaluated.

For eroded powder fractions it is visible, that the used 
upper and lower sieving cuts were implemented quite well. 
For the smaller sized fraction, lower circularity limits are 
observable, which could result from agglomeration and par-
ticle fusion of the smallest, vaporized particles with low-
est values around 0.75. The coarser fraction shows slightly 
higher circularity values (minimum 0.80) within the lower 
size classes, but exhibits simultaneously higher amounts 
of less circular particles for bigger sizes around 100 µm 
resulting from particle fusion mechanisms. Nevertheless, 
the amounts of particles in the ranges of lower circularity 
values are rather neglectable and not affecting further prop-
erties or processing. H11 reference powder shows narrower 

Fig. 3   PSD obtained from laser diffraction dispersed in isopropanol 
with ultrasonic treatment of the three erosion sludges in the initial 
state and of dry powder from basin sludge ES1 < 125 µm (a) and of 

three sieved eroded powder fractions < 20 µm, 20–63 µm, 63–125 µm 
as well as exemplary H11/1.2343 reference powder and their circular-
ity values (b)
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circularity ranges with a minimum around 0.85, but similar 
trends could be deduced from the results of EQPC and cir-
cularity, where only the amounts of smallest particles dif-
fer. When considering particle size-influenced bulk powder 
properties, this is not disadvantageous (Sect. 3.5). Overall, 
when focusing on the domains with the highest values of 
the probability density for circularity values, good results 
were obtained. For H11, this range is in both dimensions 
relatively narrow, whereas for the 20–63 µm fraction it 
scatters more for the circularity values and for 63–125 µm 
for the EQPC. Furthermore, for the coarser fraction higher 
amounts of finer particles can be observed, which could be 
improved by implementing a sifting step. In Supplemen-
tary S1 additional KDE are shown regarding the maximum 
Feret diameter (maximum distance of two parallel tangents 
at arbitrary angle) and other shape factors (convexity and 
aspect ratio). Some measuring errors could derive from the 
non-segmenting of single particles, which are too close to 
each other, and get counted as a bigger one with significantly 

lower circularity down to 0.7. For eroded powder fractions 
this is more often the case compared to H11 because of 
higher probabilities of particle collision and particle fusion 
during EDM resulting in slightly lower circularities. Besides 
that, analyses of projection areas depend strongly on the ori-
entation of possibly not perfectly circular/spherical particles.

3.3 � Particle Morphologies

Morphologies of H11 reference (a) and eroded powder 
fractions 20–63 µm (b) and 63–125 µm (c) are visualized 
in SEM images in Fig. 5. Most of all, the nearly perfectly 
circular shape of the eroded particles stands out, which cor-
responds with the measurements obtained from dynamic 
image analyses. Compared to the reference powder, not 
many differences could be found. H11 surfaces seem to 
be slightly rougher and with micron-sized indentions, 
which will be examined using atomic force microscopy 
(AFM) investigations for comparable surface roughness 

Fig. 4   KDE for H11 (a), ES1 20–63 µm (b) and 63–125 µm (c), EQPC depending on circularity

Fig. 5   SEM images of AM reference powder H11 (a, b); eroded powder fractions ES1 20–63 µm (c, d) and 63–125 µm (e, f); two magnifica-
tions each (top: 300 × , bottom: 1000 ×)
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distributions. Furthermore, the number of satellites seems 
to be higher. For the smaller fraction some graphite particles 
and agglomerates around these structures remain, resulting 
from the graphite electrode due to brittle failure and thermal 
stresses. The coarser fraction shows nearly no graphitic frag-
ments. In general, the gas atomized H11 seems to develop 
more defects such as particle fusion, which is indicated by 
lower circularity values at bigger particle sizes, as seen in 
the circularity plots (Fig. 3b), compared to eroded powders. 
For these, this kind of defects are not occurring that much. 
However, eroded particles show more splats and platelets 
due to higher particle collision mechanisms in the solidifi-
cation process and a greater number of agglomerates from 
sub-micron sized vaporized particles attached to the surface. 
Overall, the number of defects is at a low level. Moreover, a 
noticeable amount of surface contaminations could be found. 
This occurs possibly from the carbon origin in the process 
itself (tool electrode and dielectric), or possibly from resi-
dues of the oil dissolution process after the evaporation of 
volatile acetone components. An improvement should take 
place conducting washing steps of filter cakes from filtra-
tion experiments via displacement or dilution washing [38]. 
Processing steps containing water are not recommended due 
to surface oxidation and possible hydrogen embrittlement in 
sub-micron sized cracks.

3.4 � Chemical Composition and Crystal Structure

3.4.1 � ICP OES‑ and C–S–O‑Analyses

Results obtained from the chemical analyses are given in 
Table 2. As mentioned in Sect. 2.1, EDM-machined com-
ponents consist of H11/1.2343 martensitic hot work steel 
and should show its typical alloy composition. In general, 
the chemical composition corresponds to H11 and could be 
identified in both fractions. The amount of foreign elements 
like Cu, Ni or P are in a nominal range or below the detection 
limit. However, the Si content in H11 and eroded powders 
is too low compared to data sheets (0.8–1.2 wt%), which is 
presupposed by the challenges in dissolving Si while boiling 
in aqua regia. Some marginal residues were observed after 
filtering the solutions leading to slightly decreased values. 
A microwave assisted digestion of the powders as well as 
measurements with X-ray fluorescence spectroscopy (XRF) 
for quality assurance will help to eliminate this bias.

The biggest difference is observable in the carbon con-
tent. Whereas the reference powder shows an expectable C 
value for steel (hypoeutectoid region) with around 0.4 wt%, 
the eroded powder fractions have significantly higher values, 
which differ additionally in each fraction. Their C values 
amount from 4.4 up to 5 wt%, which is located in the range 
of cast iron (hypereutectic region) and is accordingly ten 
times higher. For other steel waste stream sludges, a C-con-
tent in this range can be confirmed [29, 30]. The high carbon 
contents originate from the emerging pyrolysis of the used 
hydrocarbon-based dielectric fluid [39]. The usage of the 
graphite electrode alone cannot be the reason, because in 
[30] metallic tool-shaping electrodes were eroded, meaning 
in the future it could be focused on alternative dielectrics. 
It is important to determine, where the carbon is localized 
within the particle systems. In a former study, some car-
bon was localized on the particle surfaces, as it could be 
found with SEM–EDX-analysis [29]. But just this obser-
vation alone cannot explain such high carbon amounts. 
Another factor could be the small amount of remaining 
graphite particles. To examine the localization of the car-
bon, XRD measurements were performed and the results 
are presented in Sect. 3.4.2. Besides the carbon contents, 
the ratio of oxygen and sulfur is important. The S-content 
is not differing between the fractions and is on a low level. 
Similar results are found for O-values, which always amount 
below 0.1 wt%. For fractions < 20 µm and < 125 µm, respec-
tively, the carbon content differs quite strongly. The small-
est fraction shows a C-content of 6.54 wt%, whereas the 
coarse fraction exhibits a value of 4.73 wt%. For eroded 
particles < 20 µm an increased oxygen content at 0.21 wt% 
could be observed.

3.4.2 � Carbon Localization via XRD

Figure 6 shows the diffractograms of ES1 20–63 µm and 
H11. What immediately stands out is the significant dif-
ference between both measured patterns, which indicates 
a transition of the phase composition due to the EDM pro-
cess. The black pattern (H11) shows typical reflections for a 
martensitic sample (black squares), i.e., the presence of an 
adapted body-centered cubic crystal lattice. The remaining 
reflections are associated to retained austenite (black circles) 
resulting from the maximum carbon saturation and non-dis-
torting to martensite during the atomization process, namely 
γ-iron (face-centered cubic). The melting, vaporizing and 

Table 2   Composition of eroded 
powder fractions 20–63 µm 
and 63–125 µm as well as H11 
reference powder obtained from 
ICP-OES- and C–S–O-analyses

Element/sample Cr Cu Mn Mo Ni P in wt% Si V C S O Fe

ES1 20–63 4.87 0.15 0.35 1.16 0.20 0.010 0.29 0.39 4.98 0.002 0.070 Balance
ES1 63–125 4.95 0.11 0.35 1.17 0.20 0.010 0.22 0.40 4.37 0.002 0.053 Balance
H11/1.2343 5.20 0.02 0.69 1.35 0.08 0.007 0.29 0.39 0.40 0.005 0.031 Balance
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rapid solidification during EDM leads to completely differ-
ent microstructures and a dislocation of the carbon in the 
iron lattice (red curve).

The sample ES1 20–63 µm shows predominantly cement-
ite (red rhombus), which has an orthorhombic (face cen-
tered) crystal lattice instead of martensite. This transition 
to an orthorhombic lattice implies that carbon atoms are 
incorporated into the Fe lattice as a result of the high tem-
perature carbon uptake and diffusion mechanisms. It can 
be stated again that a migration of C-atoms mostly from 
the pyrolyzed dielectric as well as from the tool electrode 
takes place, which results in an alloying of the initial mate-
rial leading to these high C values [35, 40]. Compared to 
commercial cast iron samples from literature measured with 
XRD, equivalent reflections were observed in the measure-
ments [41, 42]. Due to the measured C-content (Sect. 3.4.1) 
and the identification of cementite structures, the assump-
tion that eroded powders feature white cast iron character-
istics can be confirmed. Moreover, an increased amount of 
austenite was identified in the eroded powders compared to 
the AM powder. The remaining reflections (red triangles) 
were assigned to mostly hexagonal structures of graphite or 
formed carbides of alloying elements [43, 44]. In Table 3 
the mass fractions for the identified structures are given 

with their related and adapted lattice parameters. These 
were obtained from Rietveld refinement as given in Sup-
plementary S2. The entrapped carbon cannot be removed 
via mechanical processing—hydrometallurgical or thermal 
processing could be a solution for carbon reduction. Higher 
carbon contents are rather disadvantageous and challenging 
when operating with a laser or electron beam, because they 
can lead to a high evaporation rate and support an unwanted 
pore formation.

H11 shows 87 wt% martensite and 13 wt% retained aus-
tenite, whereas in ES1 20–63 µm no martensite occurs. The 
refinement of the martensite structure was conducted with 
a bcc elemental cell because the tetragonal distortion of 
the crystal lattice in its cell is negligibly small due to the 
low C-content of 0.4 wt% in the H11 alloy. The austenite in 
ES1 amounts to approx. 19 wt% and the lattice parameter 
increases from 0.3598 nm to 0.3629 nm, whereas cementite 
accumulates to approx. 70 wt% in total. The lattice param-
eters of the orthorhombic structure are fitting to the values 
given in the literature [43, 44]. The remaining structures 
amount to 11 wt% and are summarized in one lattice phase. 
The fitting of these phases was performed with a hexagonal 
close-packed structure (hcp), which is represented in this 
study by graphite. It is assumed, that these graphitic and 
carbon-based structures include possible remaining surface 
graphite or agglomerates as well as possible formed carbides 
of the alloy elements during solidification. For the coarser 
fraction no major deviations are expected and results from 
an additional characterization technique are discussed in 
Sect. 3.6.

3.5 � Bulk Powder Properties

Other important requirements besides morphology and 
chemical composition of the particle systems are the han-
dling and bulk powder properties to ensure an evenly and 
homogenous powder layer. Therefore, powder density, bulk 
density, tap density and flow times were measured and are 
given in Table 4. The material density of reference pow-
der is typically high for Fe-alloys with 7.72 g cm−3. Com-
pared to that, the eroded powder densities remain at com-
parable values. Due to the transition to cementite and the 

Fig. 6   XRD patterns of H11 reference (black) and eroded particles 
ES1 20–63 µm (red) for 2θ from 35° to 100° with identified crystal 
structures of martensite, austenite, cementite and graphite + carbide 
structures (colored symbols)

Table 3   Identified crystal 
lattices and their lattice 
parameters for H11 and ES1 
20–63 µm from XRD

Sample/crystal lattice ES1 20–63 µm H11/1.2343 Lattice parameter in Å

Martensite (body-centered cubic, bcc) – 87 wt% a = 2.872
Austenite (face-centered cubic, fcc) 19 wt% 13 wt% H11: a = 3.598

ES1: a = 3.629
Cementite (orthorhombic) 70 wt% – a = 5.065

b = 6.762
c = 4.505

carbide structures (hexagonal close-packed) 11 wt% – a = 2.496
c = 6.735
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associated different crystal lattice, the density is a bit lower 
and decreases with higher C-content, as it occurs for the 
finer eroded fraction. Considering the bulk and tap density, 
small differences for the sieved fractions occurred. Their 
values are around 5% less with around 4.20 g cm−3 and 
4.50 g cm−3, respectively. The initial, with a coarse sieve 
obtained fraction (< 125 µm) shows similar values as the 
reference powder with bulk and tap densities of 4.46 g cm−3 
and 4.65 g cm −3. This difference, compared to both nar-
rower fractions (20–63 µm and 63–125 µm), originates from 
the fraction of fine and finest particles, which fill the voids 
between bigger particles. For H11 powder a higher number 
of satellites could contribute to slightly higher values. Both 
of these aspects result in advantageous bulk properties. Fur-
thermore, narrower eroded fractions show as fast flow times 
as the reference material, which indicates their good flowa-
bility. Considering the relatively high amount of fine par-
ticles for ES1 63–125 µm shown in KDE (Fig. 4c) starting 
from approx. 20 µm, the comparable result as for the finer 
fraction may benefit from that. Distinctly lower bulk and tap 
densities were expected due to coarser particles, but remain-
ing smaller particles fill the voids between the coarser ones 
increasing these densities. The fraction obtained by sieving 
with the 125 µm-sieve increased the bulk and tap densities 
compared to the AM-suited fractions, which profits from 
included finest particles below 20 µm filling up the smallest 
voids in the particle collective. A similar trend for H11 could 
lead to the higher bulk and tap densities due to the higher 
density in general as well as a PSD slightly shifted to smaller 
particle sizes (Figs. 3b, 4a) compared to ES1 20–63 µm. 
One of the most important indicators for bulk solids is the 
Hausner number which can be calculated by the quotient of 
tap and bulk powder density. The closer the value to one, 
the better the flow characteristic of the bulk. Thereby, values 
between 1.00 and 1.10 represent an “excellent” flow char-
acter, whereas values greater than 1.60 are attributed to an 
“extremely poor” flow character. All four measured powders 
exhibit an excellent flow behavior with values between 1.05 
(H11) and 1.07 (ES1 20–63 µm), which was assumed after 
the first simple handling tests and the good results obtained 
from dynamic image analysis, as the particle shape (circu-
larity) correlates directly with bulk powder mechanics and 
flowability characteristics. Overall, eroded powder fractions 

fulfill the requirements for handling properties well and are 
fully comparable with reference materials. An uniformly and 
evenly distributed powder layer will be ensured while apply-
ing these powders with a squeegee tool.

3.6 � Microstructure Analysis of Eroded Particles

3.6.1 � Powder Metallography

The microstructure of the eroded powders is presented 
in the micrographs in Fig. 7, whereas the finer fraction 
is shown at the top (a + b) and the coarser fraction at the 
bottom (c + d). In all images, the 2D cross sections show 
nicely circular shaped particles with a low number of 
defects—particle fusion just occurs in two cases and some 
minor dents at the outer shells—and nearly no satellites. 
Within both fractions, no significant differences can be 
seen. However, in Fig. 7c at the right edge, one single hol-
low particle (approx. 70 µm) was revealed after grinding. 
In this bigger hollow one, two other single particles are 
entrapped, possibly due to some gradients during resolidi-
fication, collapsing of the generated cavitation bubble or 
gas bubble explosions during the EDM mechanism [45], 
after the frequent disabling of the electrical potential and 
current flow. In general, all the particles look relatively 
homogenous. The outer areas show a needle- or plate like-
corona, which could be attributed to primary solidified 
cementite, whereas the inner sections appear differently 
caused by etchability differences due to varying chemi-
cal concentrations of the elements. The fineness of the 
microstructure as well as their type of constituents has to 
be taken into account. What is striking within all particles 
is a clear over- or under-etching of the cross-sections. 
Due to chemical gradients within each single particle the 
etched surfaces and obtained contrasts for the microstruc-
tures can differ quite strongly, resulting from minor dif-
ferences in their micro-chemistry, which could be seen 
in SEM–EDX measurements of single particles. As ICP 
OES gives results for the chemical composition of the 
bulk, these deviations cannot be detected. The variation 
of chemical composition results from the rapid cooling 
as well. Due to very high temperature gradients and high 
collision rates the probability of randomly distributed 

Table 4   Densities, tap and bulk 
densities, Hausner number and 
flow times of eroded fractions 
and reference material

sample/value ES1 < 125 µm ES1 20–63 µm ES1 63–125 µm H11/1.2343
reference

Density in g cm−3 7.54 7.51 7.61 7.72
Bulk density in g cm−3 4.41 4.21 4.19 4.47
Tap density in g cm−3 4.66 4.52 4.45 4.68
Hausner ratio 1.06 1.07 1.06 1.05
Flow time Hall/Carney in s – 66/15 67/14 72/12
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molten and vaporized areas with differing compositions 
and diffusion-controlled segregation leads to inhomo-
geneous solidification rates and particles with slightly 
changing alloying ranges.

The high C-contents of approx. 4.4 wt% and 5.0 wt% 
revealed the presence of a white cast iron-like material. 
In these, a ledeburitic microstructure is characteristic 
in most cases  [46]. However, in the obtained micro-
graphs no structures of ledeburitic origin can be found. 
The observed microstructure consists of austenite and 
cementite, being acicular primary solidified cementite 
resulting from abrupt and extreme undercooling of the 
melt [46], which fits to the high temperature gradients 
and rapid solidification of eroded material in EDM. The 
remaining surrounding structures could be attributed to 
retained austenite developed in the further process of 
solidification. It can be assumed that in the case of rapid 
solidification away from equilibrium, acicular cementite 
initially forms from the melt and the residual melt solidi-
fies austenitic. Due to the high cooling rates of the par-
ticles, a transformation of the remaining austenite into, 
e.g., pearlite is suppressed. In case of an atomization of 
a white cast iron melt in nitrogen atmosphere, Gulyaev 
et al. reported the development of primary cementite in 
the hypereutectic range [47]. This would coincide with 
the findings from XRD measurements indicating cement-
ite as well as austenite structures. Besides that, no other 
bibliography could be found reporting about this devel-
oped microstructure.

3.6.2 � Identification of Microstructural Phases

However, to proof these assumptions in a second instance, 
SEM-EBSD investigations were examined on particles of 
the coarser fraction ES1 63–125 µm. Measurements were 
carried out on structures of the inner regions, whose rep-
resentative result is illustrated in Fig. 8, as well as in the 
outer regions of the particles. The phases cementite and 
austenite are clearly identified by their different crystal 
structures. The presence of the assumed microstructure 
could be proven. Cementite phases amount to 74 vol%, 
which correlates quite well with the XRD results of 
70 wt%, whereas austenite phases show a higher value 
with 26 vol% compared to the 19 wt% in XRD. The dif-
ferences may originate in the analyzing techniques them-
selves, because powder XRD measures bulk properties, 
whereas in EBSD significantly smaller areas—in our 
case inner and outer particle regions—were investigated. 
Moreover, the XRD measurement contains additionally 
a certain amount of graphite due to possible processing 
residues, while in EBSD no hcp structures were detected. 
Major differences regarding the phase shares between the 
inner and outer regions have not been found with results 
of maximum 78 vol% of cementite and 22 vol% of aus-
tenite. The high carbon contents of approx. 4.4 wt% to 
5.0 wt%, the revealed microstructures in the micrographs 
and the EBSD results leading to the final conclusion that 
the eroded particles feature acicular primary cementite and 
retained austenite.

Fig. 7   Light microscopy 
cross sections of embed-
ded, ground, polished and 
etched powder samples of 
ES1 20–63 µm (a, b) and ES1 
63- 125 µm (c, d); magnifica-
tions: (a) and (d) 1000 × , (b) 
1600 × , (c) 320 × 
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3.7 � Developed Microstructure and Internal 
Structure After Remelting

As the eroded powders should be processed in several AM-
techniques, it is important to know how the particle col-
lective behaves during heating, melting and resolidifying 
under certain conditions. The developed microstructure 
is of interest as it predominantly influences the final part 
properties and has to be examined in a light microscope. 
Besides that, the inner structure and detection of porous 
areas or other imperfections within a solid specimen has to 
be studied. Therefore, the underneath stated results should 
help to figure out the resulting structural properties of a 
solid sample. The melting and formation of a solid sam-
ple of non-fractionated powder ES1 < 125 µm was deter-
mined in a TGA–DSC device. During the experiment a 
total weight loss of 1.03 wt% could be observed up to 
1500 °C. No anomalous behavior in the DSC curve could 
be observed, as the powder behaves like cast iron. Simul-
taneously coupled FTIR measurements showed no CH–, 
CH2– or CH3-stretching and bending vibrations, which are 
typical for the organic hydrocarbon-based dielectrics [48]. 
Furthermore, sharp and intense peaks of carbon dioxide 
bands could be detected [49] indicating a release of an 
uncertain amount of carbon at higher temperatures. In 
Supplementary S3 three FTIR spectra are presented for the 
hydrocarbon-based dielectric and for occurring CO2 peaks 
at two different temperatures, whereas the CO2 peaks are 
observable during wide ranges of the heating.

To investigate the microstructure and inner structure of 
materials with a non-destructive method, the application 
field of X-ray micro-computed tomography (µ-CT) was 
extended to materials characterization and particle tech-
nology [50, 51], as it reveals new insights into the under-
standing of different processes and property relationships. 
The arrangements of the X-ray and suitable scanning set-
tings is important for a good result regarding resolution, 
sample shift, beam hardening, ring artifacts, noise and 
other measurement artefacts [52]. In µ-CT, the information 
is based on different attenuations and interactions of X-ray 
photons with the matter following the Beer-Lambert’s law. 
Thereby, different phases and structures are revealed due 
to the materials density difference. After measurements, 
segmentation is performed after post-processing of the 
reconstructed data and image stacks. Each phase of the 
sample gets assigned to a specific grey value and is ana-
lyzed quantitatively regarding different properties. In the 
context of AM, µ-CT investigations are useful for examin-
ing produced powders and detecting possible hollow struc-
tures or particles within the powder bulk [53]. Secondly, 
a revealing of the inner structure and the quantification of 
porosities in printed specimen is important because the 
presence of voids, precipitations, segregations or other 
imperfections affect the material performance negatively 
leading to internal defects, areas for crack initiation or 
premature fatigue failure [54].

Fig. 8   EBSD-imaging of ES1 63–125 µm for identifying the microstructure and determining the total fraction of austenite (red) and cementite 
(green)



1221Metals and Materials International (2024) 30:1209–1226	

1 3

3.7.1 � Microstructure Analysis

In Fig.  9 the evolved microstructure of the compact 
sample after TGA with undefined oven cooling is pre-
sented. Overall, a significant change in the appearing 
phases can be seen. A ledeburitic microstructure (mainly 
ledeburite II) was observed at room temperature, as it 
is typical for white cast iron materials  [41, 46]. From 
the light micrographs, a microstructure is evident that 
typically forms in a hypoeutectic iron alloy with less than 
4.3 wt% C. However, from C-analyses of the initial pow-
der samples a carbon content of approx. 4.7 wt% was 
measured. It is a crucial point meaning that the compact 
samples should exhibit a hypereutectic microstructure 
containing acicular primary cementite, which cannot 
be found. This indicates a carbon loss correlating with 
strong CO2 peaks in vapor-FTIR during heating. It can 
be attributed to a possible slight decarburization process 
in the molten or pre-molten state [55]. The microstruc-
ture is characterized by brownish pearlitic areas (brown 
arrows in Fig. 9) and cementite marked by green arrows. 
The pearlite was formed from primary austenite during 
furnace cooling in the TGA cell. In addition, retained aus-
tenite (orange arrows) was found in ledeburite II. This can 
be explained with contained alloying elements, especially 
the higher amount of chromium, which is suppressing 
a pearlite formation during cooling. Depending on the 
stability of the retained austenite, some of this may trans-
form to martensite during cooling to room temperature. 
Due to the high carbon concentration, plate martensite 
was observed in retained austenite islets, which is marked 
with dark blue arrows in Fig. 9. Due to the ledeburitic 
microstructure, poor machinability, high hardness and 
brittle material behavior can be assumed [56]. Further 
characterization of the mechanical properties, especially 
the (micro)hardness and tensile strength of generated 
specimen or layers of out eroded particles, can provide 
further insights in a future work.

3.7.2 � Analysis of Inner Structure and Defects

For examining the inner structure and evaluating the internal 
porosity of the compact sample gained from TGA investiga-
tions in a µ-CT device were carried out. In Fig. 10 the recon-
struction of the overview scan (a) and the high-resolution 
scan including the highlighted pores separated from the 
matrix (b) are visualized. In the overview scan in Fig. 10a a 
rough and very jagged surface can be observed. The slight 
density difference between austenite (ρ = 7.87 g cm−3) and 
cementite (ρ = 7.69 g cm−3) can be recognized in Fig. 10b 
with brighter greyscale representing higher dense phases 
and darker greyscale representing lower dense phases. Thus, 
retained austenite is visible as bright grey and cementite as 
darker grey in the µ-CT scan. However, as already shown in 
the cross-sectional image slices of Sect. 2.3.7, pores were 
detected within the sample. The segmented and labeled 
pores (colored) are shown in the front of Fig. 10b. It can 
be clearly seen, that the pores differ strongly in their sizes 
and shapes and their type of open and closed ones. Porous 
areas may originate from the lack of fusion between particles 
due to the presence of adjacent melt pools or entrapped gas 
bubbles. Furthermore, in this sample the melting takes place 
over a very broad range of particles up to 125 µm, which 
may lead to pores due to a non-filling of open volume. The 
particles do not have exactly the same melting and solidify-
ing temperatures which could lead to pre-solidified areas 
resulting in the observed pores and voids. That is caused by 
their difference in the micro-chemistry, which was already 
seen in the different etchabilities (Sect. 3.6.1). Moreover, 
at the walls of the crucible a beneficiary pore formation is 
observed due to heat dissipation influencing negatively the 
cooling and solidification process. Therefore, improvements 
in the cooling regime as well as in the cooling setup are 
recommended.

With the help of analyses tools in ORS DragonFly soft-
ware the size, volume and shape of the pores were deter-
mined with a total number of 1305 segmented pores. The 
volume of the pores totals to approx. 9.5 mm3, which results 

Fig. 9   Light microscopy images 
of embedded, ground, polished 
and etched TGA–DSC sample 
ES1 < 125 µm after melting 
and solidifying in a alumina 
crucible; with assignments of 
occurring microstructure by 
colored arrows belonging to 
underneath listed and identified 
pearlite, austenite, cementite 
and plate martensite; magnifica-
tions: (a) 200 × and (b) 1000 × 
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in a porosity value of the investigated volume (approx. 
1327 mm3) of 0.72%. These pores could be points of crack 
initiation or can support a crack propagation leading to a pre-
mature material fatigue and failure. Compared to other parti-
cle systems and manufacturing techniques as in AM, casting 
processes, sintering or hot isostatic pressing, where different 
constraints are present, this achieved porosity value cannot 
be seen as too bad. On the one hand, for specimen printed 
via SLM or EBM porosity values of max. 0.5% are common 
[54], which cannot be completely reached with eroded pow-
ders in this simple experiment. Compared to smaller printed 
parts in SLM of reused metal powders, Giganto et al. reports 
a higher porosity with approx. 1.0% to 1.2% [57]. Specimen 
produced in BJT-techniques, on the other hand, show signifi-
cantly higher values for porosity of approx. up to 10% [15]. 
For castings it is complicated to give exact porosity values, 
as several different pore origin, pore nucleation and pore 
growth mechanisms are present [58]. However, observable 
pores are significantly bigger and reach values over 2% and 
even clearly higher porosities [59]. In Fig. 11 the Feret diam-
eters, pore volume and their aspect ratio are presented. The 
x50,0 value of the Feretmean pore diameter amounts to 8.4 µm, 
whereas the pore volume shows a median of 140 µm3. These 
pores are completely indifferently and irregularly shaped, 
which can be stated in the broader pore aspect ratio distribu-
tion with a median value of 0.4. In conclusion, it remains to 
be noted that the porosity needs to be decreased by improv-
ing the cooling regime, implementing a stationary section 
and defined cooling rates to control the undercooling of the 
melt and the microstructure development, respectively.

4 � Conclusion

In this study, a holistic characterization of eroded particles 
extracted from waste sludges originating from EDM was 
performed in order to reuse them as recycled powders for 
AM processes. The particle size and shape distributions of 
sieved eroded powder fractions and a commercial refer-
ence material as well as their chemical composition, crystal 
structure and bulk powder properties were investigated. Fur-
ther metallographic investigations of the microstructure of 
eroded powders and obtained compact samples from thermal 
analysis as well as µ-CT measurements were conducted for 
obtaining information about the inner structure and occur-
ring defects. The major findings are summarized in the fol-
lowing key points:

•	 Waste streams from filter cartridges are not suitable in a 
recycling process for extracting metallic particles due to 
low yields, time consuming dismantling steps and high 
amounts of too small particles. In contrast, the recycling 
of sludges from the basin is promising.

•	 Eroded particles fulfill the AM-requirements regarding 
particle size, particle shape, allowable number of geo-
metric defects as well as powder flowability character-
istics. All these properties are fully comparable to the 
considered AM reference material.

•	 The chemical composition of eroded powder fractions 
is comparable to the machined alloy and low concentra-
tions of foreign elements were detected. However, the 
C-contents are very high resulting from a pyrolysis of 

Fig. 10   µ-CT scan of compact TGA–DSC sample 
ES1 < 125  µm;  (a)  3D-visualization of overview scan with cylindri-
cal shaped cut-out; (b) 3D-visualization of high-resolution scan after 

deep learning algorithm with highlighted pores (back as compact 
sample; front without matrix from filtering showing pore volume)
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the dielectric. The element C is dissolved in the Fe lattice 
and leads to a hypereutectic composition. Due to the high 
temperature gradient during rapid solidification, primary 
cementite formed in the powder particles.

•	 For all samples, the eroded powders have a microstruc-
ture of austenite and primary cementite and almost no 
hollow bodies or porosity, as shown in the 2D data of 
the micrographs. A compact sample of eroded powder 
showed a change in microstructure to ledeburite II and 
pearlite. Some retained austenite with embedded plate 
martensite was found in the ledeburitic structure.

•	 Micro-CT investigations provided 3D information of the 
inner structure of a compact sample. A pore formation 
was observed with strongly differing sizes and shapes 
presented in pore distributions.

Concerning the applicability of recycled eroded parti-
cles in industrial fields can be supported by these findings. 
Successful pre-tests in laser beam direct energy deposition 
(laser cladding; laser welding; LB-DED) were performed 
resulting in layers without cracks. Several powder mixtures 
with commercially available materials are still leading to a 
reduction of costs and energy consumption regarding the 
raw material supply. This approach of powder mixtures 
can be transferred to BJT in its most commonly infiltration 
and sintering pathways by using a wide range of parti-
cle sizes. Certainly, recycled fractions and their behavior 
as well as resulting properties of manufactured parts via 
SLM and EBM devices have to be studied. Adapting these 
investigations with powder mixtures again should help to 
reduce the energy and costs of the primary raw powder 

production. Another application field for components out 
of the recycled powders and a cost reduction can be seen 
in powder metallurgy in general. More precisely, a produc-
tion of specimen in spark plasma sintering (SPS) or field 
assisted sintering techniques (FAST) should be aimed for 
and tested. Lastly, a possible usage of recycled powders for 
generating support structures in AM of non-metallic com-
ponents or composite materials can be taken into account. 
Other future tasks should deal with a C-reduction as well 
as investigations of several cooling regimes and different 
cooling rates for the recycled fractions and their depend-
ence on the microstructure development. These tempera-
ture profiles can be combined with a stationary regime 
after reaching the molten state for different dwell times to 
induce decarburization processes of the samples. Another 
approach for decreasing the C-content could be the pro-
cessing of eroded powders in a rotating pyrolysis furnace.
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